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Abstract

ucleation and growth in a conventional, unstirred

N casting are briefly reviewed and then compared withthe probable situation in rheo-cast samples.

Emphasis is placed on factors which determine the

final grain size within a casting, with particular attention to

possible mechanisms of grain multiplication as the

microstructure evolves. It is suggested that much of the

refinement of the microstructures in rheocastings, may be

caused by temperature fluctuations, induced by liquid stirring

patterns, rather than by purely mechanical interactions.

Metallic dendrites cannot be "broken up" by stirring, but can

only be bent elastically or plastically.

1. Introduction

There is already a very extensive literature in this field,

starting (and continuing) with the earlier papers by Ftemings,

Mehrabian and coworkers and including some excellent

comprehensi,_e reviews (eg. 1-2). The present contribution is

solely concerned with the principles involved in grain

evolution and the purpose will be to consider mechanisms of

nucleation and crystal multiplication as these may affect the

final equiaxed grain size in a casting. It is necessary first, to

identify possible sources of nucleation and subsequently to

consider how these may be influenced by stirring action,

mechanical or hydro-magnetic. The approach will be to take

what is known about more conventional castings and to see

how matters might be modified by the conditions which

operate during the production of a rheo-casting. It seems

timely to do this before the modelling community meddle.

It must be accepted that all nucleation will be heteroge-

neous, at relatively small undercoolings, and to distinguish
between clean melts and those to which substrates have been

deliberately introduced as grain refiners. In the latter case, the

nucleation sites are identifiable (although the source of

substrate potency may be obscure), while in the former case,

nucleation must occur on mould walls or during pouring and

gating operations. With subsequent growth, there is then the

possibility that crystals may multiply, as by fragmentation of

dendrites, whether by ripening, or by mechanical deforma-

tion from fluid flow or direct collision. It is important to

remark that in metallic systems, close to the melting point,

the solid is entirely ductile and dendrites can be bent elasti-

cally or plastically, but not fractured. However a plastically

deformed dendrite must develop into more than one gram,

so that this would, in effect, be a mechanism of crystal multi-

plication.

In the following we consider, in section 2 nucleation and

multiplication in conventional castings, and in section 3,

possible extension to rheocastings. A brief summary follows
in section 4.

2. Nucleation and crystal
multiplication

2a. Using grain refiners

This is a normal and necessary application in aluminium base

castings, using AI-Ti-Bcombinations (eg. 3). Exacdy which
substrate surface nucleates aluminium need not concern us

here, although it seems probable that nucleation is promoted

by a layer of Alffi on a finely dispersed substrate of TiBz

(eg. 4, 5). It appears that in unstirred DC castings, such

additions can produce a minimum grain size around lO0_m,

i.e. = 10lz grains m_. The reason for there being a maximum

attainable grain density, i.e. number of successful nucleation

events, can be underst .ood by considering the initial form

of a cooling curve, attending recalescence, Fig. 1 (6). At a

given cooling rate, as the temperature falls below the

liquidus temperature, the nucleation rate rises exponentially.

Simultaneously, with cooling, growth beings on each previ-

ously nucleated family of substrate particles and the evolution
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Figure 1: Typical c(x)ling curve showing nucleation rate, N, and

total number of nucleation events, NG'v, during recalescence

interval (6).

3;-

t5
02
g

/

./i.
1

/

i I I / I I

P=2.5 -

/

P=05 --

/
/

//---- P--0.1 i

/

I I I 1 I
2 3 4 5 6

LOG_0N_v

Figure 2: Plot of number of grains, Nu-v,vs. number of
dispersed substrate particles, NPA',for three c(xiling rates, P, in

Kss, assuming one [x)ssiblenucleation event per particle (6).

Figure 3: A phase diagram for which small particles of ,v)iidCs
are initially dispersed in a large volume of liquid, Co,at T,,.
Melting without composition change o_cursat TML,where the
solid is in equilibrium with liquid of composition Ct (8).

of latent heat retards the cooling until a minimum tempera-

ture is reached, thereafter the temperature rises again to

some ambient growth temperature- this is recalescence. The

nucleation rate per unit area of available substate reaches a

maximum at the minimum temperature and then falls effec-

tively to zero as the temperature rises, Fig. 1. By the time that

recalescence is complete, all nucleation has ceased and the

initial/final grain density is predetermined. Any residue of

subs_rate pamcles which were not involved Jn this bne[
interval will remain inactive within the final structure.

Therefore, depending upon the magnitude of the maximum

undercooling and the duration of the recalescence interval,

which are determined by growth kinetics, there must always

be a maximum useful addition of grain refiner beyond which

there is nothing to be gained. Fig. 2 illustrates this effect for

three cooling rates in a given hypothetical system, in which

there is a given solute undercooling and growth rate, control-

ling the minimum temperature attained during recalescence.

The plot in Fig. 2 is of number of events (grains), N°n, vs.

number of substrate pamc/es, Nmy, and assumes a single

possible nucleation event per particle. The useful, attainable

limit at any cooling rate is where the values ofN G/vflatten out.

It may be anticipated that this principle will operate in any

system and in any type of casting operation, but see later,

section 3a.

2b. Clean melts

Assuming that melts are "clean" in the sense that the,,, contain

no foreign particles which have the potency to nucleate

crystals at small undercoolings, nucleation must be confined

to mould surfaces, including those of pounng and gating

arrangements and of free liquid surfaces (also including

bubbles).

With very small superheats, we know that this results in

what Chalmers called "big bang" nucleation (7). It is not

immediately clear that there is any crystal multiplication

involved in this process, but many crystals nucleate on chilled

surfaces from which they are swept offinto the melt. Whether

they are swept off entirely as individual single c_,stals or as

multiple dendritic fragments is an open question; the time

frame is very small.

At larger superheats, there are the familiar chill,

columnar and equiaxed zones. In a "clean" melt, unless any

earlier fragments survived, the equiaxed grains can originate

only from within the developing columnar region. It will be

necessary to consider how dendrites can fragment wuhin this

mushy region and also, how such fragments can escape into

open liquid, possibly to suture and grow into equiaxed

crystals. Before this, some remarks are appropriate about the

probability that particles will suture in a hostile environment

above the liquidus temperature.

In the phase diagram of Fig. 3, consider small (eg. 10p.m)

solid particle(s) in equilibnum with a large liquid volume with

composition C,, at T,,. If this solid, of composmon C_is trans-

ported into warmer liquid it begins to melt. Disregarding

solid state diffusion (life times are brief, < 10s) the melting
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Figure 4: A ripened dendrim nf NH_CI.grown from an aqueous
solution at steady state conditi(lns, showing how secondary arms
are necked at the nx_ts where they join the pnman spine, but
do not detach (8.9)

rate is initiallv comrollcd by solvent diffusion into the liquid,

the rate of which rises with temperature as the comlx_sition

gradient increases Simple diffusion expressions allow for

crude esnmates of the times for such dissolution. However,

there is a critical temperature or superheat at which the solid

will dissolve without necessary diffusion in the liquid, when

melting becomes purely heat transfer controlled. This has

been termed a "thermo-solutal" melting temperature (8) and

corresponds to the Iiquidus temperature where the initial

solid of composition C, and liquid. Ct.,have the same compo-

sition, see Fig. 3.._ove this temperature the melting rate

increases rapidly by some two orders of magnitude and the

sutural probability effectively falls to zero. The locus of this

transition temperature may be read off the phase diagram as

Tm and may explain v,hv a high pounng temperature, above

this limit, will rarely permit the sun,ival of any solid fragments

- this is the opposite extreme to the "big bang" scenario.

We note. that v,',th pre-existing cn,stal fragments, intro-

duced into a melt as it cools, there is no nucleation barrier,

per se, but that there will still be recalescence as growth

begins to accelerate during cooling below the liquidus

temperature Recalescence is dominated bv rune (tempera-

ture) dependent gr_w,th kinetics.

2c. Dendrite fragmentation and fluid flow

Dendrites fragment bv h_c:dmelting at the base _i:secondary

arms, where these It>inthe prina:Hy stalk of a dendrite, Fig .i

These !unctions r:_pidlv become necked _vtrh ripening

because of local excess in solute rejection from the thickening

of primary and secondary, branches. Under stead}, state condi-

tions (rate and gradient) these necked regions are delicately

stabilized bv the local negative curvature and side arms rarely

detach (8,9). Detachment, when it occurs, takes place by local

melting at these positions, induced by decreasing growth

andA)r temperature gradients, or bv a local rise in tempera-
ture. In the context of constrained columnar, dendritic

gruwth, the rate and gradient are alv,:avs decreasing more

rapidly than the corresponding adiustment of primary

dendrite spacing and this promotes detachment by interden-
dritic solute enrichment. If there is fluid flow in the mushy

region, as by thermo-solutal convection (10,11,12), detached

side arm fragments may then be ejected out into open liquid,

hence to survive or melt, subiect to the ambient temperature,

c.f. above

Interdendritic fluid flow probably does not contribute

significantly to this fragmentation [)recess, at least in the

context of a conventional casting, with/without forced

stirnng, and is important only as a transportation mechanism

As previously noted, metallic dendrites cannot fracture, only

plastic deformation is to be expected and a simple calculation

shows that even this is improbable within expected rates of

interdendntic fluid flow (13).

Consider, Fig. 5, a schematic side arm cylinder of length

L, and diameter d, with a narrower rcx_tdiameter dr, subject

to normal fluid flow at velocity V The force E acting on this

cylinder is obtained by the same meth_x-t as that used in the

derivation of Stoke's equation (eg 14, 15) and is equated with

the bending moment of the section.._dlalvsis shows that the

tensile stress increases parabolically with distance from the

V

d

-:i:!}_:-(::-, ._ ,i

::!_i:_:S{_-_L"'_.:!{i"

• ......... ..,.

:_::._._......

_ii:;;'_+i!&:i

dr

L

i

"rl

Figure 5: Schematic to calculate t[__.bending moment t)n a
cylinder of length L, diameter d and root daamt:lerd,. in a fluid
flowing normalh' at velocity ",+'<13!.
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Figure 6: Calculated stress, o, in a dendnte side arm, as a
proportion of the yield stress, o'_,as a function of the length, L,
for three root diameters of 2.5 _.m, 5 _m and 10k_m.Refer to

Fig. 5 (13).
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nearly always be elastic and rarely reach the plastic level

Refinements of this analysis to include the Reynolds number

(17) or with consideration of an array of side arms, rather than

a single arm, reinforce this conclusion, namely, that interden-
dritic fluid flow is unlikely to cause plastic bending of the

crystals and therefore that the detachment of side arms is

essentially a local melting phenomenon.

3. Rheocasting

From the preceding we may consider how the situation might

be modified as a melt is vigorously stirred while it cools, using

mechanical or hydromagnetic agitation, such as in the

schematic of Fig. 7 (18). The solid fraction rises from zero at

the top of the assembly to produce a slurry at the bottom

having a solid fraction up to 0.8, the local shear rates are high

and the mean cooling rates are as high as 0.5 Ksa. The

questions arising are what changes might be expected to (a),

the nucleation kinetics and (b), the growth morphology and

possible crystal multiplication mechanisms?

It is necessary to remark, that with vigorous stirnng,

especially with hydromagnetic coil configurations producing

toroidal movement, local liquid and included solid volume

elements are unlikely to cool smoothly as th_ pass down a

column and may well fluctuate across any given isotherm, ie.

the local cooling curve will not be smooth, Fig.8.

3a. Nucleation

With heterogeneous grain refining additions to the melt it

seems improbable that there should be any significant change

in the substrate potency from that occurring in a relatively

quiescent melt at a constant cooling rate. The sizes of critical

embryos (eg. 10nm) will be far below the thickness of

any boundary layer around moving particles. The particles

are so small (eg. < l_m) that their velocities, relative to

Figure 7: Configuration of billet rheocasting equipment from
Pechiney (18), showing the pattern of stirring induced by

electromagnetic field.

far end of the dendrite side arm until the narrower root,

where the tensile stress jumps abruptly as the cross section
decreases.

In a typical casting, the main diameter might vary from

lOp.m to 25#,m and root diameters from 5_m to 10/zm, while

interdendntic flow rates will rarely exceed lOZmsL With a

liquid viscosity of = 3.10_ kg.mts t, the Reynolds number is

fairly small (= 0.2), so that the fluid flow is approxamately

streamlined. Taking such data, with minimum estimates of

the yield stress for aluminium at the melting point, o'y, (16),

allows comparison of the maximum tensile stress at the root

of a side arm, _, to be expressed as a fraction of this yield

stress. In Fig. 6, are plotted _/o"y vs dendnte side arm length,

L, for various root radii, dr, for an assumed flow rate, V =

lO2ms d, and it is concluded that bending deflections will

_ Stirred Casting

o [ _k - _ - Unstirred Casting

\

Time

Figure 8: Schematic cooling curve, full line,which might be
expected for a volume element of liquid which is circulating in a
temperature gradient, superim!:x_sedon that for quiescent
conditions,broken line.
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Figure 9: Micmstructure of rhc(_'ast bdlct .f-x.-ir',.S-9',,Mg

im_,lu<,'edin the Pethiney assemhly tfl Fig - N.nc ,,cmblan(u _t

a dendritic grain slucttlrc ts evident

,urroundmg liquid will bc very slow :tnd they v, ill hc _,v.cpl

:&_ng wifl_ lhu liquid, so lh,lt :l stagrL,ult b_>und:lrv [avur _t

thi<knesscomparable with d_elrwidths Inlgll[ l)cexpected

IC, I:Jf UXccudlng the scale ()f llUqlCaIliHl event,, up()n tilL'

-,ubstratu surfaces. The prtflxlhihty that the. _,ci_Iitlg path _,

clratlC, bov+;t_'ver,inav aJtcr the eVelltUa] tmmhct_l lltlClt.';iIiOll

events, because there is utflikelv m be :uv,' clc:irlv iduntiliah[c

t ¢'C..llcscci-,,c, but rather an crlatic n mnthng {>(1{fl the c¢>+,+ling

[tlfVC v,Ith t ()Illllltl{Itl '+, +]tltttlatlOtI> Ill tilt+' ]t>t :ll tCmlJcrattHc.

:t_,atRq,:>tcdi11 l:igB "l'ht_,ctml¢laJJ,)wh,r[lltifci-Olltllltl_Rix

lItlUIu;ItI+,)ll C'<CJIU', ()nc II()[CY tJlat _araH1 ,,i/c,, tJt)tAII [t_

-_- _(),L,LII/ have been recorded in s(}[liC rh,.:o_astu;gs I-'>.

ecru+pared to the IiIllit (if 'artmnd tOO/xm m unstirrcd D C

III_OtS, or all order of nlagnitLldc illcrtasc in the _raln densi h

it ts ix>sible that such lc[]nenlell[ could originate frnm

C[)lltlnUt)LIS lludlcatlt)ll ili the absence of l-ccaJuhdt211cc.

In a clean n/ell, onh' the COIltallllllg and or II10VIII_

•,urface.,> arc available as substrates for nuclcatioll.._".

mcntt{mcd previously, we do not knov. If :1 crv>tal winch

nucleates +,)nsuch a surface I)ecomes dutadlcd a> a wllolc. _+r

wi_ethur it adheres to that sclrfilCC and begins to grow as very

fine dendrites which melt into fragments, which :.Ire tllCtl

SWCl)t away into the open liquid If this ,,,.ere the case, rcLl-

uvdv few such events could act as continuous multiplication

,sources for crvstal fragnlcnts, I)ut there i> [1o t)bvl()tlS '<:vavh)

<lssC>s ttus p<,:.ssJbditym a quantmtttve manner

3b. Growth with stirring

lhu tit-st study of how nlicrostructurc cvnlvcs during vlgorou_

stirring was carried {)tit I)y lo b' ut al. (19i. in which Pl)-Sn

<aml)lcs were quenched Ill d COllllter rt)l;ll<llt, ' VlSC'fIIIIU[Cr

..ti[c+iV;lll( )tlS tIIIlc.'SV¢llh lncruaslllg sc+ticlfr;ictltlll> l'l_u c:tx)tin.:

r;lic> were low leg {){)l Ksi) and is(-Jt[lCrlll;tJ <tirrlnq to<is:

pl:icc <wc'r I++n.t4tlll/C pcrlt)ds ((wc+r._(I I11111UIC',+ Clu:lri_t thc-c

: <)tliirl_ +'+)rlditit)llS wt:rc tlltlch :.Joy+or ;tnJ lIlttft' ;ll[Clltlatt'..i

ih;I[l [htl>c plCv,uhrLc4 illcurrent [)tocluctton <d i/k_,t>to+ok._.>

_+1[:tg - hut the) +(1,+pi-+)vide :i .,i.ir[liig ha"-i> [])t LII-,L Ll','qc)ri :½-

-}',, /'A [',. i[:[1+ 1cich !ilt" [[/Itl,ti-r, +_.,,t}I.,_I -:;i,iil ,<_tic![I,tc tit'*it,. :,

Figure lO: Microstructurc tit tt_e same nlatenal a:__,f Fig 9 altcr

rcl+c:lting fi_r = 3(Is iusl :it'_we the cuterlie tcml)cramrc Ilritlr h+

tlnxt_ taSIlilg. l't_c prima n IAI) 31)l)cars Ill Ilavc t ti;If,,t'llC'd .lntl

>llapcs have tX:{'{>IllC lniirc nearly Sl)l+erical.

im +hahly dendl-ilic, tile grains gradually k >risetht> gc_mlCt rit :d

idc'ntllV and bc'c¢illie .,,lnoother. with larger s_fllcl fractliJli>

[h:lll Ill dn tnlsilrrctl inch There :ire lit) ideiltlla:ibic cl_fll <,_

t_)itilllll;ll Z{_IIL'S.s(l tl/at tile structure. 11/COllVCiltl()nLlltelill,

l, +ill 'cqUi;lxc'd"

If there i_, t()I)C illll)ingenlent And ,,,egrcgatl(lll, ',',lib, II

Wlthtitll i)lastic dct-orn+;ttion, it wouht bc expected wine ti+c'

ctvsi;ils arc still rdalivclv open and dendritic But gn)_lh

1., lakinq i)]acc Utl(i vigorously stirred or ,,hcarcd liquid

(:ilth(nl_h the _(_litl nlust be SWel)t ;ilong with thai hquid i ;uld

no qai)lc' dfffu>ion tiekls can I)c cslahlishcd I_+ ;ttl<l_ lt,[

<ontinucd dendrite evolution - s() thai the Slll(l_ itI+. roundt_.d

'_tl:lpcs atu to be exfJected, as crystals slide past ()no anottwr.

luhrlcated bv the liquid and making "soft" rather than hard

cctnlact Oile ill)tideS that individual solids do show rx>sibk.

cvidcncc of wtl:tt 1111ghtbe grain boundaries, suggesting [hilt

they may be polycrystallme, possibl':,' from earlier collision,.

but at longer umes these are less obvious and may have been

re:moved bv grain growth The time periods vverc long m

ti_use ex[)erlnlents, as previously noted, and the m]crostruc-

turcs in more rapidl 7 produced billet stock, using hydrnmag-

nunc Stlmng arc rather different.

Fig. 9 is from an AI-6% Si - 3% Mg rheocast billet, pr_+-

duced m the PecI/iney equipment (18, 20) shown m Fig -

There arc remnants of a dendritic structure, perhaps much

clearly defined at the edge of the casting, where there ts a thill

t= 0.1ram) skin of a chill or columnar structure It is nut

possihlc, from a two dimcnsional section, to know how mter-

cunnccted tt_e globular shapes might be, except where ,_

deildrite [fame is evident, and even then one does not knov,

1[ ,IdC arms illl_' detaci_ed from immary spines Definition o(

gt;llil" "-;IZt_' 1"_ [1()1 quite olwlt)us and some orieRtatlOrl studio,

w<_uld be instructive, as lroln electron ct_anncilingnlLips f2 1

One might <,uppnsc that this structure, whid_ develops \vi[ht[i

the <)rdtT _)[ ;I Icw iilliiu[e,,, D, [)rimari]y :t Co[1,,CqLlCIItC >I

..ic:_dntc tr;ignlcntatiofl as the [+]uld is swept ill :l Ior¢+K!.',i

p:_[tc'rn, vcrtlcai]v and Iit_rizoiit;ll[v withlll the _u[np ,)f [];c-

rv,_r,kl l)!uc h,_n c't ;d ,ti,e_c",e ll_;it [t_ts (i"lglIWI![;l[Ic)I't IS ;l/,_,r
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probable at the basal sides of the mould where dendritic

growth develops. From the previous discussion, c.f section

2c, it might be concluded that the fluid flow does not actually

"break off" dendrite fragments, but is responsible for

sweeping away those side arms which melt off the fine

primary, spines. If this were the correct interpretation, as with

natural convection in an unstirred casting, the role of fluid

flow is as a transport mechanism and it does not cause

fracture, per se. As noted, previously, metallic dendrites can

only be expected to yield elastically or plastically.

Finally, Fig. 10, it is interesting to look at the microstruc-

ture after reheating and thtxo-casting/forging The billet stock

is typically heated to lust above the eutectic temperature,

where it is held for less than a minute, prior to injection into

the mould. The primary structure has dramatically coarsened

and the solid sha[x:s show no trace of orientation. There are

numerous included liquid pockets. One assumes that these

are indeed, separate globular crystals, but it is puzzling that

the structure could ripen and coarsen so rapidly, unless,

perhaps, the original and finer shapes of Figs. 9 were to some

extent interconnected - i.e. it may be that during the reheat,

there is only spheroidization, but not significant coarsening.

Some studies of the microstructure with varied holding times

would be useful to clang, this development.

4. Summary and conclusions

"rhe preceding is a brief commentary on some possible

reasons for differences between conventional and rheo- or

thLxo-castings. The development of this process(es) has taken

place very, rapidly, often bv trial and error, so that an under-

standing of the physical metallurgy involved is still intuitive, at

best. Some suggestions/conclusions might be as follows:

(a) The thermal cooling conditions for a volume element

which prevail during the production of a stirred rheocast

billet, must involve continuous fluctuations of variable

amplitude and duration. It is suggested that this could be

a factor which is as important, or perhaps more so, than

the purely mechanical consequences of the stirring.

Such temperature fluctuations might influence the

nucleation kinetics because there would be no clear

recalescence and would be expected to promote

dendrite fragmentation by local remelting.

(b) In many structures, there is a lack of experimental infor-

mation about what exactly constitutes a "grain", in the

conventional sense. There would appear to be some

scope here for detailed orientation studies such as local

electron channelling maps might reveal.

(c) If there are to be attempts to model the evolution of

grain or particle size, through the rheocasting and

remelting operations, it will presently be impossible to

do so in a physically predictive way. Presumably all that

can be done, without a better understanding, would be

to fit the end results by introducing some arbitrary

"multiplication coefficient(s)", into a program
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